We compile global maps of the step-wise topography corrected and crustal components stripped geoids based on the geopotential model EGM'08 complete to spherical harmonic degree 180 and the CRUST 2.0 global crustal model. The spectral resolution complete to degree 180 is used to compute the primary indirect bathymetric stripping and topographic effects on the geoid, while degree 90 for the primary indirect ice stripping effect. The primary indirect stripping effects of the soft and hard sediments, and the upper, middle and lower consolidated crust components are forward modeled in spatial form using the 2 × 2 arc-deg discrete data of the CRUST 2.0 model. The ocean, ice, sediment and consolidated crust density contrasts are defined relative to the adopted reference crustal density of 2670 kg/m 3 . Finally we compute and apply the primary indirect stripping effect of the density contrast (relative to the mantle) of the reference crust. The constant value of −520 kg/m 3 is adopted for this density contrast relative to the mantle. All data are evaluated on a 1 × 1 arc-deg geographical grid. The complete crust-stripped geoidal undulations, globally having a range of approximately 1.5 km, contain the gravitational signal coming from the global mantle lithosphere (upper mantle) morphology and density composition, and from the sub-lithospheric density heterogeneities. Large errors in the complete crust-stripped geoid are expected due to uncertainties of the CRUST 2.0 model, i.e., due to deviations of the CRUST 2.0 model density from the real earth's crustal density and due to the Moho-boundary uncertainties.
Introduction
In gravimetry the technique known as "stripping" is used when a part of the earth subsurface mass-density distribution is known (in terms of a model produced as a result of other geoscientific investigations), and its gravitational effect is removed from the observed field, in order to unmask the remaining gravitational signal of the unknown (and sought) anomalous subsurface density distribution. Stripping is typically applied to gravity anomalies or gravity disturbances. However, with the same objective, it may be applied to geoidal undulations, deflections of the vertical, or second derivatives of the disturbing potential. Here we focus on stripping the geoid on a global scale. To quote some studies that have applied the stripping technique to the global geoid, we refer to (e.g., Dahlen, 1981; Lister, 1982; Chase and McNutt, 1982; Hager, 1983; Le Stunff and Ricard, 1995; Kaban et al., 1999; . The global stripped geoid studies typically use an "isostatic residual geoid", which is essentially a "lithosphere-stripped geoid" adopting a model isostatically compensated lithosphere produced by a particular least-squares inversion scheme with apriori data on the crustal density composition and the Moho boundary. The lithosphere-stripped geoid is then interpreted to study the sub-lithospheric mantle density heterogeneities and mantle dynamics. For instance Kaban et al. (1999) compute and interpret a global lithosphere-stripped geoid in spectral form complete to degree and order 30, based on the satellite only geoid solution of the GRIM4-S4 (Schwintzer et al., 1997) and the global crustal data of the CRUST 5.1 model (Mooney et al., 1998) . Similarly, Kaban et al. (2004) use a global lithosphere-stripped geoid based on the geoid complete to spherical harmonic degree 180 of the EGM'96 geopotential model and crustal data of the CRUST 2.0 model (Bassin et al., 2000) .
We focus here on a purely crust-stripped global geoid. We strip from the global geoid complete to spherical harmonic degree 180 of the EGM'08 geopotential model (Pavlis et al., 2008a; 2008b ) the effects (in geodesy referred to as 'primary indirect effects') of the structural crust components of the CRUST 2.0 model. First we remove from the geoid the primary indirect topographic effect, which is equivalent to applying the topographic correction to gravity data. Second we strip the geoid of the primary indirect effect of the global ocean water density contrast (relative to the reference crustal density of 2670 kg/m 3 ), this being equivalent to applying the bathymetric correction to gravity data. Next we strip, step-by-step, the geoid of the primary indirect effects of the density contrasts of the global CRUST 2.0 crustal components of ice, sediments, and consolidated crust down to the Moho boundary. The ice, sediment and consolidated crust density contrasts are defined relative to the reference crustal density of 2670 kg/m 3 .
In regional geophysical studies investigating the lithosphere structure (e.g. , Bielik, 1988; West et al., 1995; Kaban 2001; 2002; Bielik et al., 2004; Braun et al., 2007; Tassara et al., 2007; Tesauro et al., 2007; Alvey et al., 2008; Jiménez-Munt et al., 2008 ; and others) geoidal heights are sometimes used along with gravity data as constraining information, or in integrated forward modeling (e.g., Zeyen et al., 2002; Dérerová et al., 2006) . In such cases the same effects must be removed from both the gravity and the geoid, in order to preserve the equivalence. For instance the topography corrected geoid is equivalent to the Bouguer gravity, or the crust-stripped geoid is equivalent to the crust-stripped gravity data. Also, in large regional studies, the stripping corrections should be computed globally, since their distant-zone component may significantly contribute to the long-wavelength part of the interpreted data in the given region that in turn reflect on the deep crustal and lithospheric lateral density heterogeneities.
The CRUST 2.0 model is available for the scientific community (http:// mahi.ucsd.edu/Gabi/rem.dir/crust/crust2.html) and contains information on global subsurface spatial density distribution, with 2 × 2 arc-deg resolution, of the following global crustal components: ice, soft and hard sediments, upper, middle and lower consolidated crust. Following the removal of the primary indirect topographic and bathymetric effects from the geoidal heights, we apply the ice, sediment, and consolidated crust stripping corrections to the geoid in two subsequent steps. First these crustal stripping corrections are applied to the geoidal heights with the respective density contrasts defined relative to the reference crustal density of 2670 kg/m 3 . The resulting consolidated crust-stripped geoid is hence respective to a model earth of no topography, a constant 2670 kg/m 3 crust in-between the bounding surfaces of the reference ellipsoid and the Moho boundary, and the real density below the Moho boundary. Second the primary indirect stripping effect of the reference crust density contrast (relative to the mantle) is subtracted from the consolidated crust-stripped geoid. The reference crust density contrast relative to the mantle of −520 kg/m 3 was found by minimising the correlation between the Moho relief and the gravity field (cf. Tenzer et al., 2009) . The resulting complete crust-stripped geoid represents a model earth of no topography, a constant density of 3190 kg/m 3 in-between the bounding surfaces of the reference ellipsoid and the Moho boundary, and the real density below the Moho boundary.
Primary indirect topographic and crust-stripping effects
The 5 × 5 arc-min global elevation data from the ETOPO5 (provided by the NOAA's National Geophysical Data Centre) were used to generate the Global Elevation Model coefficients. These coefficients were utilized to compute globally the primary indirect topographic effect with a spectral resolution complete to degree and order 180. The average topographic density 2670 kg/m 3 was adopted (cf. Hinze, 2003) in computing the topographygenerated gravitational potential. An expression for modeling the gravitational potential from the spectral coefficients can be found for instance in Vaníček et al. (1995) and Novák and Grafarend (2006) . The primary indirect topographic effect is shown in Fig. 1 , and statistics are given in Table 1 . The maxima are located in the mountainous regions and the minima over the oceanic areas.
The 5 × 5 arc-min global bathymetry data from the ETOPO5 were used to generate the Global Bathymetric Model coefficients. These coefficients were utilized to compute globally the primary indirect bathymetric stripping effect with a spectral resolution complete to degree and order 180. The mean value of the ocean density contrast -1640 kg/m 3 (i.e., the difference between the mean ocean saltwater density 1030 kg/m 3 and the reference crustal density 2670 kg/m 3 ) was adopted. The primary indirect bathymetric stripping effect is shown in Fig. 2 , and statistics are given in Table 1 . The highest negative values are located over the central parts of the Pacific, Indian and Atlantic Oceans, and the lowest negative values in the central Eurasia.
The discrete data of the ice thickness with a 2 × 2 arc-deg geographical resolution from the CRUST 2.0 were used to generate the Global Ice Thickness Model coefficients. The ice thickness and elevation coefficients were utilized to compute globally the primary indirect ice stripping effect with a spectral resolution complete to degree and order 90. The mean value of the ice density contrast -1757 kg/m 3 (i.e., the difference between the mean ice density 913 kg/m 3 and the reference crustal density 2670 kg/m 3 ) was adopted. The primary indirect ice stripping effect is shown in Fig. 3 , and statistics are given in Table 1 . The highest negative values correspond to locations of the largest thickness of the polar ice sheet in Greenland and Antarctica.
The 2 × 2 arc-deg discrete data of the soft and hard sediment thickness and density from the CRUST 2.0 were used to compute globally in spatial representation the primary indirect sediment stripping effect. The CRUST 2.0 soft and hard sediment model components have the varying (cell to cell) lateral density of the sediments. The soft sediments vary in density from 1700 to 2300 kg/m 3 and reach a maximum thickness of about 2 km, while the hard sediments vary between 2300 and 2600 kg/m 3 and become up to 18 km thick at places. The sediment density contrast was defined relative to the reference crustal density 2670 kg/m 3 . The primary indirect sediment stripping effect is shown in Fig. 4 , and statistics are given in Table 1 . The highest negative values are located over the areas with the largest sediment deposits in the continental shelves, the Caspian Sea region, and across the central Eurasia. The lowest negative values are across central parts of the Pacific, Atlantic, and Indian Oceans.
The 2 × 2 arc-deg discrete data of the density and thickness of the upper, middle, and lower consolidated crust components of the CRUST 2.0 model were used to compute globally in spatial representation the primary indirect stripping effect due to the density contrast of the remaining consolidated crust down to the Moho boundary. The upper crust component laterally varies in density from 2600 to 2800 kg/m 3 with a thickness ranging from 1.7 to 25 km. The middle crust component laterally varies in density from 2800 to 2900 kg/m 3 with a thickness ranging from 2.3 to 25 km. The lower crust component laterally varies between 2900 and 3100 kg/m 3 and has a thickness ranging from 2.5 to 25 km. The density contrasts of the three consolidated crustal components are defined relative to the reference crustal density of 2670 kg/m 3 . The primary indirect stripping effect of the consolidated crust density contrast (relative to the reference crustal density of 2670 kg/m 3 ) is shown in Fig. 5 , and statistics are given in Table 1 . The maxima are located over the continental regions with the largest depths of the Moho boundary and large anomalous density variations (relative to the reference crustal density) within the consolidated crust. The minima are across central parts of the Pacific, Atlantic, and Indian Oceans.
The 2 × 2 arc-deg discrete data of the depth of the Moho boundary from the CRUST 2.0 were used to compute globally the primary indirect striping effect due to the density contrast relative to the mantle of the reference crust in-between the reference ellipsoid and the Moho boundary. The constant density contrast of the reference crust relative to the encompassing mantle of −520 kg/m 3 was adopted. The choice of this value is justified in Section 3. The primary indirect stripping effect of the reference crust density contrast (relative to the mantle) is shown in Fig. 6 , and statistics are given in Table 1 . The highest negative values correspond with the areas of the largest CRUST 2.0 model crust thickness, and the lowest negative values are across central parts of the Pacific, Atlantic, and Indian Oceans.
Global maps of the step-wise and complete crust-stripped geoids
The global geopotential coefficients taken from the EGM'08 complete to degree and order 180 were used to compute the geoidal heights. The computation was realized globally at the 1 × 1 arc-deg geographical grid. The expressions for computing the quantities of the gravity field in terms of spherical harmonics can be found for instance in Heiskanen and Moritz (1967, chapter 2-17) . The geoid is shown in Fig. 7 , and statistics are given in Table 2 . The geoidal heights range from -106 to 85 m. The step-wise complete crust-stripped geoids were obtained from the geoidal heights by subsequent applications of the individual primary indirect effects (i.e., gravitational potentials multiplied by a reciprocal value of the normal gravity evaluated at the reference ellipsoid) of Section 2. Statistics of the step-wise complete crust-stripped geoids are summarized in Table 2 . The topographically corrected geoid was obtained from the geoidal heights after subtracting the primary indirect topographic effect. The topographically corrected geoid is everywhere negative (below the reference geocentric ellipsoid GRS'80) and varies from -940 to -188 m (cf., Fig. 8 ).
Compared to the geoid, the topographically corrected geoid changed significantly especially in the mountainous regions.
The bathymetrically stripped and topographically corrected (BT) geoid was obtained from the topographically corrected geoid after subtracting the primary indirect bathymetric stripping effect. The BT geoid is everywhere positive and varies from 832 to 2678 m (cf., Fig. 9 ). Compared to the topographically corrected geoid, maximal changes of the BT geoid are over the oceanic areas.
The ice and sediment stripped BT geoid was obtained from the BT geoid after subtracting the primary indirect ice and sediment stripping effects. The ice and sediment stripped BT geoid is everywhere positive and varies from 1122 to 2886 m (cf., Fig. 10 ). Compared to the primary indirect bathymetric stripping and topographic effects, the signature of the primary indirect ice and sediment stripping effects is less noticeable. The application of the primary indirect ice stripping effect changed the BT geoid over the regions with the largest thickness of the polar ice sheet of Greenland and Antarctica. The application of the primary indirect sediment stripping effect primarily changed the BT geoid over the areas with the largest sediment thickness at continental shelves, the Caspian Sea region, and across the central Eurasia.
The application of the primary indirect effect of the consolidated crust density contrast (relative to the reference crustal density) to the ice and sediment stripped BT geoid transforms the volumetric domains of the upper, middle, and lower CRUST 2.0 crustal components from their laterally Table 2 . Statistics of the step-wise and complete crust-stripped geoids Fig. 7 . The geoid computed with a spectral resolution complete to degree 180 of spherical harmonics.
varying densities to the constant reference density of 2670 kg/m 3 . When this effect is subtracted from the ice and sediment stripped BT geoid, it produces the geoid that corresponds to a model earth consisting of no topography, a constant 2670 kg/m 3 reference density crust down to the Moho boundary, and the real earth's sub-Moho density distribution. We have called this geoid the "consolidated crust-stripped geoid". The consolidated crust-stripped geoid is everywhere negative and varies from -4489 to -466 m (cf., Fig. 11 ).
In the next and herein final step, we subtracted from the consolidated crust-stripped geoid the primary indirect effect of the constant reference crust density contrast relative to the mantle. For this purpose we first estimated the value of the density contrast of the reference crust relative to a constant (unspecified) mantle density, by minimizing the correlation of the compete crust-stripped gravity disturbances with the Moho boundary. This has been done by a trial-and-error method; cf., Tenzer et al. (2009) . The zero-correlation was reached at -520 kg/m 3 . This final stripping step results in the complete crust-stripped geoid, which is everywhere positive and varies from 3215 to 4713 m (cf., Fig. 12 ). This geoid should ideally contain only the gravitational signal of density inhomogeneities and density contrast interfaces bellow the Moho boundary. Large errors are however expected due to the deviations of the CRUST 2.0 model density from the real earth's crustal density heterogeneities and the CRUST 2.0 Moho-relief uncertainties.
Summary and conclusions
We have computed the global geoidal heights corrected for the global primary indirect topographic effect, and the global primary indirect stripping effects due to the major known density contrasts within the earth's crust based on the CRUST 2.0 model and the global geopotential model EGM'08 complete to spherical harmonic degree 180. The "consolidated crust-stripped" geoidal undulations represent (ideally) the gravity field generated by a model earth of no topography, a constant density of 2670 kg/m 3 in the volumetric domain in-between the surfaces of the reference ellipsoid and the Moho boundary, and a real density distribution below the Moho boundary. The "complete crust-stripped" geoidal undulations represent (ideally) the gravity field generated by a model earth of no topography, a constant density of 3190 kg/m 3 in the volumetric domain in-between the surfaces of the reference ellipsoid and the Moho boundary, and a real density distribution below the Moho interface.
The complete crust-stripped geoid (Fig. 12) , globally having a range of approximately 1.5 km, when compared to the (observed) geoid ( Fig. 7) with a global range of 200 m, is a clear indicator of the fact that the isostatic compensation does not take place within the earth's crust only, but its significant part takes place in the upper mantle (mantle lithosphere, lithospheric mantle), cf. also Kaban et al. (1999 Kaban et al. ( , 2004 . The complete crust-stripped geoid contains information coming from the global upper mantle morphology and density composition (reflecting global past and present tectonics with respective thermal and stress fields and the tendency toward isostatic balance), and from the sub-lithospheric (deeper mantle) density anomalies (reflecting the lithosphere-mantle interactions and the mantle convection). However, the crust-stripped geoid also contains a still significant contribution of the crustal model uncertainties caused by deviations of the CRUST 2.0 model density from the real earth's crustal density.
